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Abstract 
The electrochemical reduction of WO3 to W metal using a fluidised cathode process has been 
investigated. Voltammetry was compared with thermodynamic predictions using a 
predominance diagram for the system to help explain the reaction mechanism. The main 
reduction potential was located to be -2.14 V vs. Ag/Ag+. By performing near-exhaustive 
electroreduction at constant potential, the Faradaic current efficiency was estimated to be 
>82%. The metal is produced in the form of homogeneous particles bound to the substrate 
electrode, which can periodically spall off. The effects of metal oxide-to-salt ratio and of 
fluidisation conditions on the process were investigated. Higher loading of metal oxide 
particles resulted in an increase in the rate of metallic deposit growth and less current ‘noise’, 
while the rate of reduction was relatively insensitive to flow rate of the Ar agitation gas feed, 
up to a limit where transition to a different flow regime is expected to be the cause of 
increased reaction rate. 
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1. Introduction 
The conversion of metals from their ores to their finished refractory stage is both energy and 
capital intensive. Electrochemical process schemes can significantly reduce operating costs 
by increasing the energy efficiency of the recovery of metals [1]. 
For most refractory metals, production via electro-hydrometallurgical routes are not feasible, 
due to one or more of the following factors [2]: most of these metals can only be 
electrodeposited at potentials more negative than those required for hydrogen evolution; the 
metals rapidly become protected by oxide films in oxidizing environments. This can be a 
problem in fused salt systems too; metallic ions often get transformed to stable oxy-cations in 
aqueous solutions. The metallic ions of low oxidation states reduce water (e.g. Ti3+), and 
those of high oxidation states oxidise water (e.g. Ti4+). 
Due to these factors, the use of molten salts as solvents for electrolytic processes in metal 
production has emerged as a promising route. Molten salt electrolysis can be used for the 
electro-winning, refining, plating and forming of refractory metals. The industrial 
applications of molten salts have been widely acknowledged for more than a century; for 
example, the commercial production of Al, Mg, Na, K, Li and Be make use of molten salt 
electrolysis and reduction processes [3]. 
The intensive research on the subject over the past century has determined the various 
physical, chemical and thermodynamic properties of molten salt systems to a high standard. 
Nevertheless, until recently, only a small number of innovative processes of using molten salt 
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electrolysis for metal production have been developed [4]. The FFC Cambridge process [5] is 
one such innovative development in molten salt technology and numerous studies have been 
carried out to characterise the process and establish its efficiency in reducing metal oxides 
and producing metal alloys. [6-11] 
1.1. Challenges for electrochemical reduction in molten salts 
There are a number of issues that arise when using electrode rods or porous pellet precursors 
as electrodes. In the case of titanium oxide reduction via the FFC Cambridge process [5], the 
current efficiency is quite low (10-40%) to achieve sufficiently low oxygen content (<0.3%), 
in the final titanium product [10]. It is desirable to increase the current efficiency and the 
speed of the process for industrial scale applications [12]. The low efficiency of the process 
could be due to a number of reasons, including: mass transport limitations, electrolysis of the 
molten salt, and metal-to-oxide molar volume ratio. Furthermore, the limited diffusion of the 
electrolyte within the precursor porous matrix is known to leave the inner parts of the 
materials unreduced [13, 14]. In the case when using CaCl2, the low current efficiency is 
usually due to the electronic conduction in the melt due to the solubility of calcium in the 
electrolyte. When using LiCl salts, this does not normally apply as lithium does not dissolve 
in the melt. 
In molten salt systems, the point (or line) where the metal phase (current collector or 
previously reduced metal), the metal oxide phase and the fused salt phase meet is called the 
three-phase interline (3PI) [15-17]. Along the 3PI, electron transfer occurs between the metal 
and the metal oxide, and oxide anion transfer occurs between the metal oxide and the molten 
salt. The 3PI is vital for the electrochemical reduction reaction and a high density of 3PI may 
increase the overall current density of the system as there are more sites available for the 
electrochemical reduction to occur. When using a solid-type precursor, as reduction reaction 
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proceeds, the 3PI propagates outward from the current collector to the inner parts of the 
precursor, and then inward from the reduced metallic surface towards the precursor’s centre. 
The current increases initially, plateaus, then reduces until it stops [16]. This is due to the 
electrolyte not diffusing to the inner parts of the electrode; hence, reducing the 3PI. This is 
caused by the nature of the morphology of the oxide precursor, and to the change in density 
and structure of the materials reduced on the surface. For example, some metals tend to have 
much higher densities than their oxides, resulting in higher porosity of the reduced pellet; 
however, sometimes this causes the metallic surface to collapse onto itself, creating a much 
denser morphology, hindering the diffusion of electrolyte. 
Precursors in the form of oxide films, pellets or sponge-types are all porous and the size and 
interconnectivity of these pores affects the reduction process [10, 11]. When the metal oxide 
is reduced, some of the oxide ions transfer into the melt and migrate to the anode; however, 
some of them are trapped in the cathode’s pores, as was observed by Dring et al. [18], where 
it was noted that the concentration of oxide ions at the surface of the electrode was higher 
than in the bulk molten salt. This can significantly change the potential needed for the 
reduction. It can also cause the formation of other phases (e.g. calcium titanate) due to the 
salt cation reacting with the oxygen ions on the surface. Moreover, Brown et al. [19] showed 
significant changes in the tortuosity of the cathode microstructure during electrochemical 
reduction of UO2 to U in molten LiCl-KCl eutectic which could also impede the transport of 
oxygen anions. 
Thus, new process designs are desirable to improve the efficiency and performance of the 
electrochemical reduction of metal oxides. A promising route is the ‘fluidised cathode’ 
process [20]. 
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1.2. Fluidised bed electrochemical processes 
Numerous experimental, theoretical and review studies have been published on fluidised bed 
electrochemical processes. The main advantages of employing fluidised bed electrodes are 
their large specific area (high specific productivity) [21]. Applications include fuel cells, 
hydrogen peroxide synthesis [22, 23], water purification and organic electrosynthesis [24, 
25].  
Fluidised bed electrodes have been studied and used industrially in various applications, 
though their definition is not certain; for example, sometimes they are reducing agents and 
other times they act as catalysts, yet they are still loosely termed ‘fluidised bed electrodes’. 
Until recently, they have not been applied in molten salt electrochemical reduction processes 
[20]; however, they may be a viable route to increasing the performance of such processes. 
In the proposed arrangement, metal oxide particles are suspended in the molten salt, via the 
use of an agitator (e.g. inert gas bubbling or stirring). An inert electrode is held at a suitable 
potential and the anode separated in its own compartment, to stop the reoxidation of the 
reduced metal particles. Fig. 1 shows a schematic of the fluidised cathode process, and the 
different paths that a metal oxide particle could follow. Spalling off of the reduced metal 
particles from the current collector has been observed experimentally [20]. 
Numerous studies on the electrochemical reduction of metal oxide particles on surfaces have 
recently been published [26-28]; however, these particles were small in size, not fluidised, 
and were used for thin film preparation. The fluidised cathode process is a larger scale three-
phase metal oxide-to-metal reduction process. 3PI is continuously being created, every time 
an impinging metal oxide particle comes into contact with the current collector. The matrix of 
the fluidised cathode also promotes the diffusion of electrolyte within the metal oxide 
particles, and of the oxygen ions within the electrolyte. Another proposed advantage of using 
a fluidised cathode process is that it would eliminate certain steps in the preparation of the 
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precursor and recovery of the reduced metal in the FFC Cambridge process [29], with 
associated cost reductions. 
Tungsten has many applications because of its physical and chemical properties [30]. 
Tungsten ore is usually extracted then converted to WO3, which is in turn reduced to W metal 
by hydrogen and heating. This process is time and energy intensive [31]. The electrochemical 
reduction route might prove to be viable for the production of pure tungsten. Studies on the 
electrochemical reduction of tungsten oxide in molten salts have been published [32-34], 
mainly for the production of metal alloys [8, 35] wherein the precursors were porous solids in 
the form of pellets.  
This article reports an investigation of different factors that affect the fluidised cathode 
process and the current efficiency that can be achieved, using a model system of tungsten 
oxide and LiCl-KCl molten salt eutectic. 
2. Experimental 
2.1. Apparatus 
Figure 2 is a schematic of the electrolytic cell used. The relatively low melting point of LiCl-
KCl eutectic (352 ˚C) allows the use of borosilicate glass which provides optical access to the 
fluidised cathode compartment. A thermostatic salt bath (NaNO3-KNO3), also contained in 
borosilicate glass, heated via an immersion heater [36], is used to heat the electrolytic cell to 
the desired temperature. The cathode consists of WO3 particles that are suspended in the 
molten salt (LiCl-KCl) eutectic, which is placed inside a tall form beaker of 250 mL volume 
(60 mm in diameter and 120 mm height to account for the changing height of the electrolyte 
due to agitation), and a pure tungsten rod current collector. The anode is a graphite rod 
separated in its own compartment to avoid reoxidation of the reduced tungsten particles; the 
anode compartment has an opening at the top (inside the sealed cell) to allow for gas to 
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escape. The melt is agitated via a flow of argon. A reference electrode (Ag/Ag+) [37] was 
used, and the temperature was monitored via a glass sheathed thermocouple that is immersed 
in the melt. All electrochemical tests were performed using a potentiostat (IviumStat, Ivium 
Technologies, NL). 
A similar set-up was used to carry out the thin film studies. In this setup, no WO3 particles 
were employed, the counter electrode was not separated inside a compartment, no argon was 
bubbled through the melt, and the current collector was replaced with a thin film cathode. 
2.2. Chemicals 
All preparation steps were carried out under a sealed argon atmosphere. Anhydrous lithium 
chloride (ACS reagent, ≥99.0% purity, Sigma-Aldrich) and potassium chloride (≥99.5% 
purity, Sigma-Aldrich) were used for the electrolyte. The salt was dried in a vacuum oven at 
200 ˚C for 24 h, then 150 g of 59-41 mol% LiCl-KCl were mixed with WO3 (99.9% purity, 
Alfa Aesar). Particle size distribution measurements were conducted using a Beckman 
Coulter LS13320 laser diffraction particle size analyser; they showed a mean particle 
diameter of 30.92 μm (refer to supplemental material – S1). The X-ray diffraction pattern of 
the as-received WO3 powder also showed pure WO3 (refer to supplemental material – S2). 15 
g of LiCl-KCl was placed inside the anode compartment. The counter electrode was a high 
density graphite rod, 3.05 mm in diameter (99.9995% metal basis, Alfa Aesar). The working 
electrode (current collector) was a tungsten rod, 1.5 mm in diameter (99.95% metal basis, 
Alfa Aesar). A glass sheath around the shaft of the tungsten rod insured that a constant 
electrode surface area is exposed to the electrolyte, even when being agitated by the Ar 
stream. Argon (99.998% purity, BOC) was bubbled through the melt via a ceramic tube (5 
mm internal diameter, Alsint). 
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For the thin film experiments, the electrolyte was composed of 150 g of LiCl-KCl, prepared 
in the same way as for the fluidised cathode setup, but no WO3 particles were used. The 
working electrode was thermally oxidised in air at a temperature ramp rate of 250 ˚C h-1, then 
held at 700 ˚C for 2 h. 
2.3. Procedure 
Experiments were carried out under a dry argon atmosphere at a melt temperature of 450 ˚C. 
Argon was bubbled into the melt (the flow rate for this is indicated in the results section for 
each experiment), which resulted in a homogeneous distribution of particles as assessed by 
visual inspection. The current collector was immersed to 4 cm (3.84 cm2) in the melt during 
the fluidised cathode measurements, and 2 cm (1.96 cm2) during the thin film measurements. 
However, absolute currents are reported due to the fact that the electrode surface area 
changes during experiments. 
3. Results and discussion 
A predominance diagram [38-40] was constructed for the Li-K-W-O-Cl system, relating the 
potential E vs. standard chlorine electrode (S.Cl.E) to the negative logarithm of O2- ion 
activity, pO2-. The thermodynamic data used for the production of the diagram is presented in 
Table 1. A predominance diagram for tungsten species in CaCl2 has been published [8]; 
however, this is the first reported of the LiCl-KCl eutectic. From Dring et al. [35], WCl2O2 
was the only oxychloride state accounted for, as it is the only one stable in molten salts, this 
is perhaps due to the fact that the bands of stability of the other oxychloride species are too 
small for them to exist, or show on the diagram. 
 
The predominance diagram in Fig. 3 shows the different regions of stability for different 
compounds and oxidation states of tungsten. From a thermodynamic perspective, the 
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predominance diagram shows that there is a wide window of O2- ion activity through which 
the oxide can be reduced to pure metal without interference from electrolyte cation reduction 
or the formation of oxychlorides or lithium complexes. Starting with WO3, two reduction 
reactions take place to produce W metal. These are presented in Equations 1 and 2. Equations 
3 and 4 are used to calculate the potential, E, needed for each reaction to take place, at 
different values of O2- ion activity.  
𝑊𝑂3 + 2𝑒
− ↔𝑊𝑂2 +𝑂
2−    1 
𝑊𝑂2 + 4𝑒
− ↔𝑊 + 2𝑂2−    2 
𝐸1 =
−∆𝐺1
0
2𝐹
+
𝑅𝑇𝑙𝑛10
2𝐹
𝑝𝑂2−    3 
𝐸2 =
−∆𝐺2
0
4𝐹
+
2𝑅𝑇𝑙𝑛10
4𝐹
𝑝𝑂2−    4 
Voltammetry measurements were performed on a thermally grown thin film of WO3 and a 
fluidised cathode of WO3 particles, Fig. 4 (a) and (b) respectively. Both were scanned from 0 
V to -2.7 V, and back to 0 V (vs. Ag/Ag+ reference electrode). The peaks at 2 represent the 
evolution of Li, and at 3 represent its reionisation. The peaks at 1 represent the main 
reduction steps as described by the overall reaction in Equation 5 (where the O2- ions react 
with the carbon anode after some time). The smaller peaks appearing after 3 in the positive 
direction represent the reoxidation of W to WOx 
𝑊𝑂3 + 6𝑒
− ↔𝑊 + 3𝑂2−    5 
When comparing the reduction peaks for the two systems in Fig. 4 (a) and (b), one can see 
that the peak in (b) is slightly more positive, and appears at -2.14 V, compared to -2.21 V in 
(a), as indicated by the dashed vertical lines in the diagrams. In the fluidised cathode, a 3PI is 
instantly initiated at the collision point of a particle with the current collector in the fluidised 
cathode process, thus the reaction extends from this point. In the case of a thin film, there is 
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an insulating sheath of oxide covering the electrode surface, and therefore it is harder for the 
reaction to initiate, resulting in a greater required driving force (more negative potential). 
Closer examination of the voltammetry of the fluidised cathode system, Fig. 5, shows the 
apparent ‘noise’ in the voltammetry due to particle/current collector reactions. One can see 
that the collision-reaction features are only evident at voltages where WO3 can be reduced; 
the anodic peaks do not display this feature, indicating that the re-oxidation of the current 
collector to WOx is primarily a surface process involving W on the surface and not as a result 
of reduced W particles colliding and reacting with the electrode. One can see that the 
electrochemical reaction proceeds from -1.13 V, the noise in the diagram is also indicative of 
this. When comparing the voltages involved with the thermodynamically calculated ones and 
the predominance diagram, it suggests that the process starts with an electrochemical 
reaction, Equation 1, which produces WO2. This then proceeds to reduce electrochemically to 
W metal in a 4-electron-transfer step, Equation 2.  
Ideally, an electrochemical reduction process would progress vertically down the 
predominance diagram; however, in reality this is complicated by the formation of O2- which 
causes the local conditions at the electrode to move to the ‘left’ as the reduction proceeds. 
Previous studies where solid precursors have been removed from the melt mid-reduction and 
analysed support this [7, 8, 41]. In the case of tungsten reduction, the reduction seems to 
occur directly from WO3 to WO2 to W metal; unlike titanium reduction, where the perovskite 
CaTiO3 is formed in small quantities. 
In the XRD analyses, referred to in Section 3.1, the intermediate step WO2 never showed up 
in the readings. This is due to the fact that its stability range is very narrow, as predicted by 
the predominance diagram, however the cyclic voltammograms suggest a 2-step mechanism, 
and that is because when the potential is continuously is continuously changing the O2- ion 
activity also does, enabling the WO2 phase to exist for longer and be captured on the cyclic 
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voltammogram readings. Other literature also suggests that this is the most common 
reduction mechanism [35], some even suggest other intermediate steps, such as WO2.72 and 
WO2.90 [42]; however, given the rapid reactions and the time scale, and the fact that no 
intermediate phases were observed in the analyses, the 2-step mechanism was the most 
convincing. 
 
Figure 6 shows the chronoamperogram for the fluidised cathode reduction of WO3 when the 
electrode was held at a constant potential of -2.14 V (vs. Ag/Ag+ reference electrode). In 
previous studies [6, 9, 11, 35] potentials in the range of 2 – 3 V have been applied for such 
metal oxide reduction processes. As time passed, the current increased due to an increase in 
the electrode surface area and the deposit growth of W on the current collector surface. Fig. 8 
(b) shows an image of the current collector before and after the reduction, and (c) shows an 
image of the solidified melt after the reduction, showing separate layers of WO3 and W at the 
bottom of the reactor’s crucible. SEM (Carl Zeiss XB1540, accelerating voltage: 20.00 kV) 
analyses showed that there was no detectable oxygen present in the final W product. A cross-
section of the retrieved current collector, where the deposit did not spall off, shows that the 
growth is radial in shape, Fig. 7, i.e. it forms at the same rate perpendicular to the current 
collector surface in all radial directions. At higher magnification, Fig. 8, the particles of W 
metal produced appear homogeneous in size and porosity, the sintered reduced particles 
having a feature size of ~5-10 μm, compared to the free oxide particles which had a mean 
particle diameter of ~31 μm. 
3.1. Current efficiency  
A constant potential of -2.14 V (vs. Ag/Ag+) was applied to the fluidised cathode set-up to 
reduce 4 g of WO3 to W metal, Fig. 9. The chronoamperogram shows a similar trend to 
previously published work on electrochemical reduction of metal oxides [7], where the 
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process can be segregated into two main sections; the first, where rapid reduction reactions 
occur and the current increases as the electrode grows in size; the current then decreases, with 
periodic spalling events resulting in rapid current decrease, this is associated with decrease in 
available oxide which continues to diminish down to the background current level as the 
reactant is completely exhausted. 
Assuming 100% current efficiency, it would require a charge of 9977 C to be applied to fully 
reduce all 4 g of WO3. The XRD spectrum of the product (refer to supplemental material – 
S3), retrieved from the deposit on the current collector shows that it is composed of metallic 
W and KCl and shows no signs of WO3, WO2 or any other quasi-reduced species. Thus, it 
confirms that the reduction reaction can reach completion with pure W being the product.  
The precise determination of the Faradaic efficiency for such a batch system is challenging as 
it involves the process going to completion (which takes a long time) and accounting for 
background currents caused by oxygen ingress into the apparatus (estimated from pre-
electrolysis to be 4.3 mA). Faradaic efficiency was calculated by dividing the theoretical 
charge required by the charge passed for a known amount of WO3. To account for 
background current and the process not going to absolute completion, a Faradaic efficiency 
‘range’ can be determined by linearly extrapolating the current to either zero or considering 
the background current to be the limit of reaction. In which case a Faradaic efficiency 
between 82% and 100% results.  
When the final product was retrieved, a sample was placed in ethanol to dissolve the salt, 
under an argon atmosphere. Dissolving the salt in water was not appropriate in this case, as 
W, unlike Ti, reacts more readily with water (and air) forming thin films of oxides, which 
was not desired for analysis. After leaving the sample in ethanol for 24 hr, the ethanol 
containing salt was removed by vacuum filtration. The sample (powder) was then placed in 
ethanol again, and the procedure was repeated twice. Finally, the product was dried in a 
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vacuum oven at room temperature. Despite this rigorous cleaning process, the XRD spectrum 
(refer to supplemental material – S3) confirms that KCl is still present in the sample. A 
possible solution to this could be by employing vacuum distillation [43, 44] at high 
temperature to remove the salt whilst still molten.  
 
3.2. Effects of metal oxide-to-salt ratio    
Constant potential experiments were carried out on different loadings of WO3 powder in 
LiCl-KCl salt eutectic. The voltage was again set to -2.14 V, Fig. 10. Three 
chronoamperometry measurements were taken. Masses of WO3 (0.5, 40 and 60 g) were 
initially mixed with 150 g of LiCl-KCl in the main cell crucible, with 10 g in the anode 
compartment, giving weight percentages of 0.312, 20.00 and 27.27 wt%, for the three 
different experiments. 0.5 g was chosen, as this was the lowest limit at which some product 
could still be retrieved from the current collector. 60 g was chosen, as this was the highest 
limit, given the ratio to 150 g of salt, where the fluidisation process was still easily initiated. 
Although masses of up to 100 g of WO3 could still be fluidised, they proved difficult to 
initiate and maintain a stable fluidised system using the gas bubbling method. 
The chronoamperograms in Fig. 10 all show an initial increase in current with time. They all 
stabilise towards different currents, with the lowest weight percentage achieving a lower 
current than the higher weight percentage experiments. Spalling-off is also witnessed, with 
associated sudden drops in currents passed. The effect of metal oxide concentration in the 
melt on the current passed is attributed to the fact that statistically there are more frequent 
interactions of particles with the electrode for a system with higher loading, thus giving a 
higher total current. The difference in change in current with time is more intriguing. The 
high metal oxide concentration leads to a monotonic increase in current with time, while the 
lower concentrations show more signs of product spalling, evident through the abrupt 
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decrease in current. This would suggest that the product is more stable in the high 
concentration case, allowing growth to continue and the electrode to grow.  
Figure 11 shows the count of charge per current spike (C spike-1) relative to a normalised line 
of best fit for the chronoamperograms in Fig. 10. 2500 points for each WO3 concentration 
were used to produce the data. It is clear that with higher concentrations the noise is much 
smaller. The increasing noise with the decreasing oxide particle fraction is also attributed to 
the greater particle homogeneity in the melt leading to a steadier current response. A higher, 
more constant level of particle / electrode interaction will tend to even out the response. 
3.3. Effects of fluidisation rate 
Different argon flow rates were applied to the fluidised cathode process whilst conducting a 
constant voltage experiment. Fig. 12 shows the chronoamperogram of the fluidised cathode 
under different agitation conditions. The reduction potential was set to -2.14 V and the 
fluidisation rate was altered by changing the argon flow rates from 200 cm3 min-1 to a 
maximum of 1800 cm3 min-1, and back to 200 cm3 min-1. It was increased by 200 cm3 min-1 
every 5 minutes. As time passed, at each argon flow rate the current increased; again this is 
due to an increase in the surface area of the current collector. Above 200 cm3 min-1 and up to 
1600 cm3 min-1 the increase in current was quite insensitive to the argon flow rate but made 
the current-noise increase. This implies that the number of collisions and rate of 
electroreduction was not sensitive to the fluidisation rate. Above 1600 cm3 min-1 there is a 
step change increase in the current. In fluidised bed engineering, there are two main types of 
fluidisation regimes, depending on many parameters, but mainly the superficial velocity of 
the fluid, the fluidisation regime can change from a ‘particulate’ to an ‘aggregative’ regime. 
This sudden increase in current may be a consequence of such a change in the fluidisation 
regime specific to this three-phase system. 
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Figure 13 shows the count of charge per spike relative to a normalised line of best fit for the 
chronoamperogram in Fig. 12. Three hundred points for each argon flow rate were used to 
plot the data. Here, one can clearly see that increasing flow rate results in increasing current 
noise. Given that below 1600 cm3 min-1 reaction rate is not significantly affected by the flow 
rate, it is possible that the increased current noise is caused by the bubbles interfering with 
the electrode process and intermittently blocking the electrode surface.  
4. Conclusions 
The electrochemical reduction of WO3 to W metal has been assessed, and is likely to occur 
following the reactions WO3 → WO2 → W, Equations 1 and 2. A near full reduction using 
the fluidised cathode process, with conversion of the product to W was carried out, via 
applying a constant potential of -2.14 V. The Faradaic current efficiency was found to be ~ 
82-100%. The reduction process is split into two sections; the first where rapid reduction of 
the majority of the WO3 occurs, the second where the remaining oxides are slowly removed 
to completion. The deposited material on the current collector is in the form of 
homogeneously distributed particles; however, spalling off of the product occurs 
intermittently. 
Increasing the metal oxide-to-salt ratio results in increasing current (faster deposit growth on 
the current collector), and decreasing collision-reaction noise, and has less likelihood of 
product to spall off. The melt matrix is well fluidised above 200 cm3 min-1 and relatively 
insensitive to fluidisation rate up to 1600 cm3 min-1, above which a transition to a more 
effective fluidisation regime may be the cause of increased current. 
The fluidised cathode is a robust, three-dimensional, high efficiency process. It has been 
studied here for the electrochemical reduction of tungsten oxide; however, it is likely 
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applicable for other refractory metals (such as titanium), and in the nuclear industry for 
pyroprocessing purposes of spent nuclear materials. 
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Fig.1. Schematic of the fluidised cathode process in a molten salt showing various reaction 
mechanisms between particles in the melt and the electrode. A metal oxide particle could 
follow route 1 and get fully reduced, or route 1’, where it gets partially reduced. These 
particles could then follow step 2 and deposit on the current collector, or step 2’ and bounce 
off its surface. Partially reduced particles could in turn follow route 3’, get fully reduced and, 
4’, deposit on the current collector, or 3’’, get fully reduced and, 4’’, bounce off the current 
collector back into the molten salt. 
 
Fig. 2. Cross-section of the electrolytic cell used for the reduction of WO3 particles using a 
fluidised cathode. 
 
Fig. 3.  Predominance diagram for the Li-K-W-O-Cl system at 500 °C. 
 
Fig. 4. Cyclic voltammogram of (a) WO3 thin film cathode and (b) WO3 fluidised cathode. In 
both cases they were performed in LiCl-KCl eutectic at 450 ˚C, scan rate: 50 mV s-1, 
reference electrode: Ag/Ag+. 
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Fig. 5. Cyclic voltammogram of WO3 fluidised cathode in LiCl-KCl eutectic at 450 ˚C, scan 
rate: 50 mV s-1, and reference electrode: Ag/Ag+. 
 
Fig. 6. (a) Chronoamperogram of WO3 fluidised cathode in LiCl-KCl eutectic at 450 ˚C, 40 g 
WO3, argon flow rate: 800 cm
3 min-1, reference electrode: Ag/Ag+, set voltage: -2.14 V; (b) 
photographs of current collector before reduction process, 1, and after, 2; (c) photograph of 
the solidified melt showing separate layers of WO3 and W. 
 
Fig. 7. SEM image of the cross-section of the current collector showing the deposited 
tungsten. 
 
Fig. 8. SEM images of the current collector and the deposit, at different magnitudes, showing 
homogeneity of reduced particles. 
 
Fig. 9. Chronoamperogram of WO3 fluidised cathode in LiCl-KCl eutectic at 450 ˚C, 4 g 
WO3, argon flow rate: 800 cm
3 min-1, reference electrode: Ag/Ag+, set voltage: -2.135 V. 
 
Fig. 10. Chronoamperograms of WO3 fluidised cathode in LiCl-KCl eutectic at 450 ˚C, argon 
flow rate: 800 cm3 min-1, reference electrode: Ag/Ag+, set voltage: -2.14 V, for different 
weight percentages of WO3 in the melt, as indicated. 
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Fig. 11. Count of charge per spike relative to a normalised line of best fit, at different WO3 – 
LiCl-KCl eutectic ratios. Where, (a) is at 0.312 wt% WO3, (b) 20.00 wt%, and (c) 27.27 wt%. 
 
 
Fig. 12. Chronoamperogram of WO3 fluidised cathode in LiCl-KCl eutectic at 450 ˚C, 40 g 
WO3, reference electrode: Ag/Ag
+, set voltage: -2.14 V, showing the effect of different argon 
flow rates bubbled through the melt. 
 
Fig. 13. Count of charge per spike relative to normalised line of best fit, at different argon 
flow rates. Where, (a) is at 200 cm3 min-1, (b) 400 cm3 min-1, (c) 600 cm3 min-1, (d) 800 cm3 
min-1, (e) 1000 cm3 min-1, (f) 1200 cm3 min-1, (g) 1400 cm3 min-1, (h) 1600 cm3 min-1, and (i) 
1800 cm3 min-1. 
 
